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ABSTRACT 


The  steady  state  behavior  of  a half -wave  magnetic  amplifier , under 
certain  Idealized  assumptions  for  the  B-H  relationship  and  the  eddy  current 
effect.  Is  studied  In  order  to  provide  a model  which  may  serve  as  a guide  to 
the  understanding  of  the  more  complex  phenomena  which  occur  in  actual  cir- 
cuits. 
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Introduction  and  Assumptions 

The  s toady  state  behavior  of  a half -ware  magnetic  amplifier,  under 
certain  idealised  conditions,  is  studied  in  order  to  provide  a model  which 
nay  serve  as  a guide  to  the  understanding  of  the  more  complex  phenomena  which 
occur  in  actual  circuits.  The  B-H  relationship  is  represented  by  a single- 
valued step  function  having  sero  and  infinite  slopes  in  the  saturated  and  un- 
saturated regions  respectively]  the  eddy  current  loss  is  represented  by  a 
constant  resistance  connected  across  an  additional  winding  which  links  the 
main  core  flux. 

The  half-wave  magnetic  amplifier  considered  is  shown  in  Fig.  MRI- 
133U2-aj  mesh  currents,  voltages,  and  resistances  are  expressed  on  a per  unit 
turn  basis.  The  following  assumptions  are  made  in  the  analysis* 

1.  Leakage  fluxes  are  neglected  throughout. 

2.  The  B-H  relationship*  under  cyclic  operation  is  represented  by  * 
s ingle -valued,  step-shaped  curve  displaced  to  the  left  of  the  ordinate  axis 
by  an  amount  equal  to  the  "coercive"  force  of  the  material.  (The  equivalent 
* versus  iB  relationship,  shown  in  Fig.  MEI-133U2-b,  is  used  in  this  paper  as 
a matter  of  convenience.)  Geometric  effects  are  neglected. 

3.  The  rectifier  has  infinite  resistance  to  the  flow  of  reverse  current 
and  a constant  resistance  to  the  flow  of  forward  current.  Rectifier  forward 
resistance  and  winding  resistance  of  the  load  coil  are  lumped  together  with 
the  load  resistance. 

U*  The  control  circuit  current  is  smooth  d-c  (the  oontrol  mesh  is  com- 
pletely constrained). 

5.  The  minimum  cyclic  core  flux,  *0,  is  always  greater  than  (-t8). 


It  should  be  made  very  clear  that  in  the  term,  "B-H  relationship",  the 
"H*  here  refers  to  the  magnetising  force  produced  by  the  total  ampere 
turns  acting  on  the  core,  including  eddy  current  ampere  turns.  A plot 
of  flux  density  versus  total  applied  (accessible  to  measurement)  ampere 
turns,  such  as  results  from  the  well  known  a-c  oscillograph  method,  is 
here  referred  to  as  an  "apparent"  B-H  loop  (or  B-H  relationship).  The 
B-H  relationship  for  a magnetic  material  can  be  measured  with  accuracy 
only  in  the  d-c  case.  The  a-c  or  cyclic  B-H  relationship  cannot  be  ob- 
tained by  direct  measurement  because  the  component  of  magnetizing  force 
due  to  eddy  currents  is  inaccessible;  hence,  all  a-c  meaaireraents  lead 
to  "apparent"  B-H  relationships  which  are  necessarily  dependent  upon  the 
test  circuitry  and  conditions  of  excitation.  The  a-c  B-H  relationship 
could  be  obtained  from  the  apparent  B-H  relationship  only  if  appropriate 
corrections  could  be  made  for  the  influence  of  eddy  currents  in  the  core. 
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6.  The  eddy  currant  loss  la  simulated  by  a fixed  raaistanoa  connected 
acroaa  an  additional  winding  which  link a the  main  core  flux. 


Analysis 


From  Fig.  MKE-133U2-a,  the  baaic  equations  are  written  a a follows* 


d$ 

▼m  a in  oat  ■ ri  ♦ ^ for  i^O, 


(1) 


(2) 


i - i * ♦ I„* 

m a c 


(3) 


Three  distinct  modes  of  operation  must  be  considered}  these  are* 

I.  Core  saturated; 

h-tst2  “d  JJ-  ^h- 

mo,  i - 0. 

From  Bq.  (1), 

i ■ — . ain  oat.  (U) 


H.  Core  not  saturated  and  i ffc  0} 

t2^  t — 13  and  t + T),  and 

“V  **-v 


From  Bq.  (2), 


d* 

dt 


(S») 


This  simplification  cannot  be  Justified  on  a theoretical  basis.  The  equiva- 
lent eddy  current  resistance  is  assumed  to  be  a constant  for  a specific 
lamination  thickness,  magnetic  material,  interlaminar  insulation,  and  excita- 
tion frequency. 
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and  from  Eq.  (3), 

i + ±e  “ " Iq)  " by  definition. 

Orer  the  region  of  useful  amplifier  control, 

D.2.0. 

From  Bqs.  (1),  (2),  (5s),  and  (6s),  one  obtains  by  simple  algebra 

— - .—I?--  (▼  . sin  <ot  - r D) 
dt  r + r#  « 

and 

i - . (r  . sin  oat  ♦ r D). 

r t r n o 


III.  Core  not  saturated  and  i » Oj 

»3A‘S  “d  Kmlf  1»*B- 


Then, 


TABLE  I 
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Transition  from  mods  I to  mode  II  occurs  when  i - S *t  t - t9.  Thus,  frc 
Table  I, 


sin  - 


r D 


(8) 


(In  general,  0 - cot.) 


Similarly,  the  transition  from  mode  II  to  mode  III  occurs  when  i » 0 at 

(90 


t ■ t^j  therefore. 


sin  0. 


reD 


} 


m 


or. 


.n.  e2  r 

SETT  • ■ r • 

It  is  seen  by  inspection  of  Table  I that 

sin  0^  - sin  0^  } 

hence, 

eu  - - 03  . 


(io) 


(n) 


(lla) 


d* 


If  the  core  flux  attains  its  minimum  cyclic  value  at  t - t^,  — » 0,  and  from 
the  table,  ? dt 


sin  0^  - sin  02  , 


and. 


0F 


3*  ■ ®2  * 


(12) 


(12a) 


Waves  of  i and  ie,  and  * are  shown  in  Figs.  MKE-133U3~a  and  MRI-133U3-b,  re- 
spectively. 


Two  restrictions  must  be  Imposed  upon  the  circuit  parameters;  these 


are* 


.)  £-2*1 

JA 


and 


r D 

b)  -L^l  . 


If  condition  (a)  is  violated,  the  care  never  saturates.  If  condition  (b)  is 
violated,  the  core  readies  the  negative  saturation  branch  of  the  B-H  curve. 
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The  saturation  angle  63.  (corresponding  to  tj.)  can  be  related  to 
Known  quantities  through  the  equation  expressing  the  periodicity  of  flux. 


h+T 


f <!£df  f «du/  — dt  • 0 , 

i dt  1 dt  *1  dt 


(13) 


after  same  algebra,  this  leads  to  the  relationship, 

▼B  cos  81  ♦ rD  - vB(cos  02-2  008  e^)*^9D(2  8y3*0  • (U*) 


Arerage  Load  Current! 

~ The  rectified  arerage  value  of  load  current,  defined  by 

( H h h \ 

T ml  I J i.dt  ♦ J i.dt  ♦ J i.dt  , 

1 l1!  *2  \ ) 


is  found  to  be 


« - cos  6,  - sin  6,  . (0,  - — n) 

- J 3 3 2 

•*•8 


A more  convenient  form  is  obtained  by  introducing 


S - . 


Hence, 


cos  f * sin  £ . (£  - i)  , 


05) 


(15a) 


where. 


S ■ sin 


-1  r D 


(16) 
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For  small  values  of  f , 


and 


(15b) 

(16a) 


Minimum  Core  Flux: 


The  minimum  core  flux  at  time  t^  is  obtained  by  integrating 

*o  “ *s  " f a?  • + f al  • dt  + 

to  to  VI 


This  leads  to  the  result 


(*o  " V “ “S  * T7r  • f2^*08  ®3“c08  e2>“D(r(2e2"3n)+re(2e3"3,l)) 

A more  .compressed  expression  is  obtained  by  introducing! 

63-n+S,  % m * ~ ^ > jr-  ■ C,  and 


.(18) 


K - 


*»  Ta 

r " sr1 

s a 


sin  X - C sin  S • 

Bq.  (18)  becomes 

vcos  S-  cosT)+((  £ - y)-C( X*  £)).  sin  . (18a) 

In  the  usual  case  C«1  and  the  above  relationsiiip  is  further  simplified  to 
the  form. 


*0  a 

r ■ 1 * ne  • 
0 
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*o 

* 


* 1 4-  2K 


(coa  i •>  1)  + ( & - i)  . ain  £ 


(18b) 


A convenient  parameter  to  be  used  in  plotting  the  results  ia  the  term, 

C reD 

K ain  o * ■ . 


Solutiona  for  the  critical  values  of  flux,  and  , are  given  in  Appendix 
A. 


Remarks 


If  the  eddy  current  effects  were  neglected,  the  transfer  curve  of 
the  ideal  magnetic  amplifier  would  have  infinite  slope  over  the  useful  control 
range}  with  eddy  currents  present,  the  transfer  curve  (i.e.,  I vs.  Ic)  pos- 
sesses finite  slope  over  the  entire  control  range.  A "Master"  Transfer  Curve 
which  plots  l/fa  versus  sin  S (i.e.,  r.D/vm)  is  shown  in  fig.  MRI-133UU.  The 
quantity  *D"  may  now  be  considered  as  the  horizontal  shift  of  a point  on  the 
transfer  curve  (for  a specified  value  of  I)  caused  by  eddy  currants.  The 
shift  D approaches  zero  as  RB— >oo. 

1 2 

It  has  been  recognised  * far  some  time  that  the  relationship  be- 
tween minimum  flux  and  control  current  (Control  Magnetization  Curve  or  CMC) 
is  one  possible  means  for  describing  the  a-c  behavior  of  the  near-rectangular- 
loop  magnetic  materials.  As  the  excitation  frequency  approaches  zero,  the  CMC 
approaches  the  descending  branch  of  a large  d-c  loop.  A "Master"  CMC  which 
plots  4>0/*_  versus  reD/o$8,  for  the  case  c - 0 (practical  case),  is  shown  in 
fig.  MHI-133U5.  The  Master  CMC  is  seen  to  be  a function  of  K (or  vB)j  however, 
when  K >1.5  the  change  in  the  CMC  with  further  increase  in  K or  a-o  voltage  is 
small.  Here  "D"  may  be  interpreted  as  the  horizontal  displacement  (at  a speci- 
fied value  of  #0)  between  the  CMC  and  the  descending  branch  of  the  true  B-H 
loop. 


It  is  interesting  to  note  that  although  a single-valued  B-H  relation- 
ship was  assumed  in  the  analysis,  the  "apparent"  B-H  relationship,  obtained  by 
plotting  # versus  (i  ♦ ic),  is  a loop  as  shown  in  fig.  MRI-133U6  (shown  fcr 
Iv  - 0).  Therefore,  any  attempt  to  evaluate  magnetic  characteristics  through 
the  measurement  of  a-c  loops  must  be  made  with  great  caution. 


H.  Lehmann,  AIEE  Trans.,  l?5l>  70,  p.  2097. 

R.  Zarouni,  Research  Report  R-288-52,  FIB-227, 
Task  Order  IV. 
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A1 


- -X- . f, 

♦.  i ♦ c L 

. 

i ♦ c L 


AFPKJTOIX  A 


(coi  8,  . ooa  82)-C(8j  - 02)  . «in  8 


■] 


(cos  Y - co*  S)  * C(lf* 


S)  . sin  S j , 


and  for  C«l, 

*.  #3 


* K (1  - cos  £). 


J. ii.  - - K (3n  - 283)  . sin  8^ 


- K (x  - 2£)  . sin  % j 


for  S«l, 


ilA  * 


k . sin  £ , 


r.D 

*3“*U  4 

3 U ^ 


— 2 m — £ — . ^(cos  &3  - cos  8g)  ♦ (©3  - 8g)  . sin  82| 

■ — - — . £(cos  Y - cos  S)  ♦ C {Y * $>)  sin  ; 


(11) 

(Ala) 

(Alb) 

(A2) 

(A2a) 

(12b) 

(12c) 

(13) 

(13*) 


1 ♦ C 


